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Abstract
Representative reversible endothermic chemical reactions (paraldehyde depolymerization
and 2-proponal dehydrogenation) are theoretically assessed for their use in a chemical heat pump
design for compact thermal management applications. Equilibrium and dynamic simulations are
undertaken to explore the operation of the heat pump which upgrades waste heat from near room
temperature by approximately 20 degrees in a minimized system volume. A model is developed
based on system mass and energy balances coupled with kinetic equations to ascertain mixture
conditions at each state point in the loop, as well as mass flow rate, minimum work input, and
minimum endothermic reactor volume according to defined reservoir temperatures and desired
heat load. Assuming that a pervaporation process is employed in both reaction systems to
achieve the requisite mixture compositions for sustained operation, the simulations show that the
chemical heat pump can pump 5 W of power with endothermic reactor volumes of as little as 60
cm3 to 93 cm3, depending on the selected chemical reaction. Low exergy efficiencies remain a
significant design consequence, but the system performance in terms of environmental impact
and COP are comparable with, and in some cases better than, the performance of alternative
technologies under the same conditions.

Keywords: Miniature chemical heat pump, thermal management, energy conversion,
paraldehyde depolymerization, 2-propanol dehydrogenation
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Nomenclature
a

Activity coefficient, -

C

Mass concentration, mol/kg

F

Molar flow rate, mol/s

h

Specific enthalpy, J/mol

K

Equilibrium constant, -

n

Moles, mol

P

Pressure, kPa

Q

Heat load, W

r

Reaction rate, mol/m3-s

s

Specific entropy, J/mol-K

T

Temperature, K

x

Mass fraction, -

X

Conversion, -

y

Mole fraction, -

V

Volume, cm3

Z

Thermoelectric figure of merit, -

Greek
θ

Reaction conversion, -

ρ

Density, kg/m3

Subscripts
A

Acetaldehyde

Ac

Acetone

end

Endothermic
3

exo

Exothermic

g

Gaseous phase

l

Liquid phase

Pa

Paraldehyde

H2

Hydrogen

IPA

2-propanol

r

Reaction

sat

Saturation

v

Vaporization

w

Work

Acronyms
COP

Coefficient of Performance

CSTR Continuously Stirred Tank Reactor
PFR

Plug Flow Reactor

1.

Introduction
In accordance with the second law of thermodynamics, all thermal power systems

discharge some quantity of heat to the surroundings, commonly designated as waste heat. Heat
is also dissipated from most of the supplied electrical power in electronic and computer systems.
There is significant interest in recovering these low-grade heat supplies at all design scales to
improve thermal efficiencies and reduce operating costs. In addition, adequate heat removal
strategies are essential for ensuring that the electronics operate at rated temperatures and thus
maintain reliability and performance. While a rich variety of heat removal solutions have been
investigated in the literature [1, 2], they rely on an ambient temperature that is lower than the
4

system temperature, i.e., on rejecting heat to a lower-temperature air or liquid stream. There is a
continuing need to develop approaches for removal of heat against a temperature gradient, i.e.,
from lower system temperatures to a higher-temperature ambient [3]. Heat pumps offer a viable
option in such situations, as well as for waste heat recovery.
A heat pump upgrades heat from a low-temperature reservoir to a high-temperature
reservoir (usually via work input), increasing the exergy or usefulness of the thermal energy.
The most prevalent forms of heat pump technologies include mechanical and absorption heat
pumps. A mechanical heat pump [4] is typically a vapor compression cycle in which the
working fluid undergoes phase change (evaporation and condensation) to absorb and release heat
between two thermal reservoirs. To maintain fluid transport in the system, work is input via a
compressor upstream of the condenser.
In an absorption heat pump, a secondary fluid is introduced into the system to replace
mechanical compression with pump work by absorbing the evaporated refrigerant. After exiting
the evaporator, the refrigerant is mixed with the secondary fluid, yielding a two-component
multi-phase mixture. This mixture is then pumped to a generator where the two fluids separate
when subjected to high-temperature heat input; the refrigerant enters the condenser while the
absorbent flows back to the absorber (completing the cycle). The most common refrigerantabsorbent combinations are ammonia-water and water-lithium bromide.

Mumah et al. [5]

present a procedure for the generation of properties that can be used for design, simulation and
optimization of ammonia-water absorption systems. Such properties include enthalpy, vapor
pressure, vapor concentration, specific heat capacity and entropy. Gupta et al. [6] compare three
different cooling systems, including a LiBr-H2O absorption system. They show through COP
and refrigeration capacity calculations that this system has a high refrigeration capacity when
operating with heat source temperatures below 90 °C. Haywood et al. [7] report significant
5

gains in energy efficiency for data centers with the inclusion of absorption chiller waste heat
recovery. The solid sorption or adsorption heat pump developed and studied by Wang et al. [8]
uses activated carbon-methanol and achieved 150 W/kg of activated carbon for air conditioning
with a COP of approximately 0.4. Gong et al. [9] obtain a COP of 0.43 for an adsorption chiller
with a composite adsorbent material. A chemical heat pump, on the other hand, replaces the
liquid-vapor phase change in a vapor compression cycle with a reversible endothermic chemical
reaction to transport heat between the reservoir temperatures. By avoiding compression and
additional system components associated with absorption cooling, the chemical heat pump
design has potential for minimizing system volume, a feature that is highly advantageous for
compact cooling applications. As shown in Figure 1, an idealized loop is composed of two plugflow reactors, a work input device, and an expansion valve. The chemical mixture first enters a
low-temperature reactor (state 1) in which heat is absorbed by the endothermic reaction from the
cold thermal reservoir. As with the other heat pump concepts, work input is needed to drive the
fluid to the high-temperature reactor (state 2 to state 3), where heat is released via the reverse
endothermic reaction. As the chemical reactions commonly involve liquid and vapor phases, a
scroll device may be the most appropriate for compression of the two-phase mixture. The
potential for use of an alternative ejector concept is discussed in Section 4.3. The expansion
valve routes the product of the exothermic reactor (state 4) back to the endothermic reactor and
closes the loop.
An extensive list of candidate reversible reactions has been proposed for chemical heat
pumps [109], with the appropriate selection being dependent on the required reservoir
temperatures in a particular application. For instance, a CaO/H2O/Ca(OH)2 chemical heat pump
as described by Fujimoto et al. [11] can store thermal energy from industrial waste heat, solar
heat and terrestrial heat in the form of chemical energy by an endothermic dehydration of
6

Ca(OH)2, and release it at various temperature levels by an exothermic hydration of CaO when
needed.

This system could help address the increasing demand for energy storage and

availability. Most of the systems considered in the literature concern operation at temperatures
in the range of 350 K to 700 K. However, thermal management applications in consumer
electronics require lower operational temperatures on the order of 305 K to 322 K. This
temperature range creates additional challenges due to the reduced rates of reactions often
associated with low temperatures and the small temperature difference between the reactors.
Of the available chemical reactions for heat pumping, paraldehyde (C6H12O3)
depolymerization and 2-propanol ((CH3)2CHOH) dehydrogenation may both satisfy the required
temperature range with acceptable chemical characteristics. Previous numerical studies of
chemical heat pumps with paraldehyde depolymerization report coefficients of performance
(COP) comparable to a vapor compression cycle [12].

In addition to thermodynamic

performance, the size of the cooling system must also be considered to assess practical
implementation. Past studies for paraldehyde depolymerization [12-14] have not considered
cooling system size in their analysis.
In this work, the paraldehyde depolymerization and 2-propanol dehydrogenation
reactions are separately investigated to assess their potential for chemical heat pump operation
between 305 K and 322 K, a typical temperature range encountered in electronics. Previous
studies of 2-proponal dehydrogenation [15-18] were focused on higher reservoir temperatures.
Constraints on reactant conversion enforced by chemical equilibrium are taken into account. In
both studies, the default energy transport at the endothermic reactor is 5 W. From detailed
thermodynamic and kinetic analyses of the reversible reactions, required reactor volumes are
estimated to determine viability as cooling solutions in consumer electronics for the default heat
load. Viability is also assessed through comparison with other existing technologies.
7

2.

Method and Materials
Separate investigations for the paraldehyde depolymerization and the 2-propanol

dehydrogenation are described in detail in this section.
2.1

Paraldehyde Depolymerization
Liquid paraldehyde (2, 4, 6-trimethyl-1, 3, 5-trioxane) reversibly depolymerizes to liquid

acetaldehyde (CH3CHO) when in contact with an acid catalyst, Amberlyst resin [12]. The
conversion process is comprised of four steps [19]: adsorption of the paraldehyde molecule at the
catalyst, ring opening of the molecule to produce acetaldehyde, decomposition of unstable side
reactants, and desorption of the acetaldehyde from the catalyst site.

Kawasaki et al. [13]

performed an experimental investigation of the process and reported the paraldehyde ringopening process to be the rate-determining step. Within the specified operating temperature
range of 305 K to 322 K, the reaction is promoted by the vaporization of acetaldehyde, which is
also endothermic. The endothermic heat of reaction is calculated as the sum of the specific
enthalpy change in the paraldehyde conversion and the latent heat of acetaldehyde vaporization.
From the thermodynamic properties listed in Table 1, this heat of reaction is calculated to be
189.5 kJ/kmol [20].
The equilibrium constant of the reaction is a function of temperature and is written as:
ln K (T )  

1
h298  Ts298 
RT

(1)

The changes in specific enthalpy and specific entropy may be reasonably assumed to be constant
across the small temperature range considered. The equilibrium constant also relates the mole
fractions of paraldehyde and acetaldehyde according to [4]:
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3

3

a y
K (T )  A A
a Pa y Pa

(2)

Assuming an ideal reaction, the activity coefficients (aA and aPa) take values of unity; thus the
equilibrium mole fractions of the chemical species are dependent on temperature alone. With
known mole fractions and temperature, the equilibrium pressure of the mixture is:
Peq  y A PA,sat (T )  y Pa PPa,sat (T )

(3)

The saturation pressures for acetaldehyde and paraldehyde are taken from [21, 22].
2.1.1 Thermodynamic analysis
Equilibrium pressure is calculated by combining Eqs. 1 to 3. The results are plotted in
Figure 2 as a function of acetaldehyde mole fraction for the chosen cold and hot reactor
temperatures (305 K and 322 K). The two symbols in the graph mark the equilibrium mole
fractions corresponding to the two reactor temperatures, of 0.117 and 0.239, respectively. In
accordance with the endothermic nature of the acetaldehyde production, the equilibrium mole
fraction of acetaldehyde increases with temperature. However, this trend also implies that if the
mixture leaves the endothermic reactor at equilibrium composition, the (hotter) exothermic
reactor would produce more acetaldehyde (instead of regenerating paraldehyde) to achieve the
new equilibrium state. Without the paraldehyde regeneration, the heat pump no longer has an
exothermic process to release heat and the system loop becomes unsustainable.
To achieve a sustainable chemical heat pump with the proposed circuit, the mixture in the
endothermic reactor must exceed the thermodynamic equilibrium state in order to induce the
reverse reaction in the high-temperature exothermic reactor. One viable method for exceeding
the equilibrium mole fraction is by pervaporation, a process (discussed in Section 3) in which the
reaction products are separated via a selective membrane to artificially shift the mixture away
from equilibrium and enable extended reaction.
9

2.1.2 Chemical reaction analysis
Along with the equilibrium mole fraction limitations of the chemical species, reaction
rates must also be considered to size appropriate reactor volumes in the heat pump design.
Kawasaki et al. [14] empirically derived the following reaction rate for paraldehyde
depolymerization as a function of temperature and paraldehyde concentration:

 2.92  10 22  C Pa
 
  1  0.132C Pa

rPa


  1.80  10 4 
 exp 


T




(4)

A reaction rate model for the reverse process (polymerization of acetaldehyde) is not reported in
the literature, and thus is not considered here.

For the depolymerization model, the mass

concentration of paraldehyde can be related to the acetaldehyde mole fraction as:

C Pa 

1  yA
1  y A M Pa  y A M A

(5)

The mixture density is a function of component densities and the mass fraction of acetaldehyde:



 Pa   A
 Pa   A   xA   A

(6)

In the selected temperature range, the densities of paraldehyde and acetaldehyde were assumed
constant at 994 kg/m3 and 1.52 kg/m3 [21, 22].
With the reaction rate known, the requisite volume for the endothermic plug flow reactor
can be determined with:
y

V  F 
0

dX
r

(7)

The molar flow rate (F) in Eq. 7 refers to the chemical reactant (paraldehyde in the endothermic
reactor, acetaldehyde in the exothermic reactor) and not the total mixture. The integral is solved
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through a change of variables by relating the chemical conversion of paraldehyde to the change
in acetaldehyde mole fraction defined as:
X Pa 

y A,2  y A,1

(8)

3  2 y A,2

In addition, the conversion of acetaldehyde in the exothermic reactor can be related to the mole
fractions as:
XA 

3 y A,3  y A,4 

(9)

3  2 y A,4

Since no reaction occurs across the work input device or the expansion valve, yA,3 = yA,2 and yA,4
= yA,1.
With known molar flow rates and reactant conversions, the heat transfer in each reactor is
defined as:

Q  F  X   r hT

(10)

The theoretical isentropic work input is then equal to the difference between the reactor heat
transfer rates. As the required work is defined by the volumetric flow rate (constant due to the
assumption of fixed fluid densities) multiplied by the pressure difference across the reactors, the
efficiency of the work input can be defined as:

w 

Qexo  Qend
V  P

(11)

The system coefficient of performance (COP) is the ratio of endothermic transport to the
required work input. Due to the small difference between the defined reservoir temperatures in
the current work, the Carnot COP achieves a large value of 17.94. The ratio of the COP to the
Carnot COP defines the exergy (or second-law) efficiency of the system.
2.2

2-Propanol Dehydrogenation
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The performance of a comparable heat pump, based on the dehydrogenation of 2propanol reaction, is now evaluated. Use of 2-proponal dehydrogenation for a chemical heat
pump was first proposed by Prevost and Bugarel in 1980 [15]. In the endothermic reactor, 2propanol dehydrogenates to acetone ((CH3)2CO) and diatomic hydrogen. The acetone and
hydrogen combine in the reverse, exothermic reaction to regenerate the 2-propanol.

At

atmospheric pressure, the optimum reaction temperatures are approximately 350 K for the
dehydrogenation and 470 K for the reverse reaction [16]. As with the paraldehyde system, the
endothermic reaction is not spontaneous and must be driven by catalysis. With the presence of
hydrogen as a supercritical fluid, the system can be operated at constant pressure (neglecting
frictional losses), eliminating the need for mechanical work input.
Saito et al. [17] proposed a waste heat recovery design concept with the 2-propanol
reaction driven by a distillation column at fixed pressure.

Waste heat is supplied to the

endothermic reactor and the reboiler of the distillation column. The product mixture is fed into
the lower section of the distillation column where the vaporized acetone and hydrogen gas rise to
the top. This mixture is removed from the column, cooled by heat rejection to the surroundings,
and fed into the exothermic reactor. The exothermic product is then returned to the column to
separate the liquid 2-propanol generated. To make up for heat rejection to the surroundings and
to achieve optimal exothermic reaction temperatures, a heat exchanger is installed between the
distillation column and the exothermic reactor. As the column achieves phase separation of the
reactants and products, parasitic mass in both reactors is minimized. Unlike the paraldehyde
system, the reactors in the 2-proponal system are not adversely affected by the upstream
conditions and do not require a pervaporation process.
This distillation column design for the 2-propanol dehydrogenation reaction is not a
viable option for the defined thermal reservoirs (305 K and 322 K) chosen for this work due to
12

the excess difference in temperature of the typical reactions. Given the boiling point of acetone
of 330 K at atmospheric pressure, the distillation column would not sustain the system loop as
the liquid acetone could not be transported through the distillation column to the exothermic
reactor. Thus the current investigation retains the four-component design in Fig. 1 for the 2propanol reaction. Even though this reversible reaction preferentially occurs within a higher
temperature range, it can serve to bring about thermal upgrading provided equilibrium mole
fraction limitations can be exceeded to the desired value (mostly through membrane separation).
This comparison is focused on the reactor size requirement associated with the desired value of
heat load.
In the present case, the endothermic reaction is dehydrogenation of 2-propanol (IPA),
taking place at 350-360 K when in contact with Raney Nickel as a catalyst, and the exothermic
reaction is hydrogenation of acetone (Ac), occurring at 420-480 K [18]. The reaction equations
are shown as follows:
(CH3)2CHOH(l) → (CH3)2CO(g) + H2(g)

(12A)

Δh = 100.4 kJ/mol
(CH3)2CO(g) + H2(g) → (CH3)2CHOH(g)

(12B)

Δh = -55.0 kJ/mol
At any given temperature, the partial pressures tend toward an equilibrium characterized by the
equilibrium constant of the reaction defined as:
ln K  ln PAc  ln PH2  ln PIPA

(13A)

Applying the thermodynamic properties listed in Table 2, the equilibrium constant can be
calculated as a function of temperature using:

 r hT0
ln K  ln K 298  
dT
2
298 RT
T

(13B)
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The partial pressures also relate the number of moles of the different species to the extent of 2propanol conversion. Indeed, starting from an initial mixture of nIPA,0 + nAc,0 + nH2,0 moles, and
assuming a conversion equal to XIPA, the composition at time t > 0 is as follows:


nIPA,0·(1 – XIPA) moles of 2-propanol,



nAc,0 + nIPA,0·XIPA moles of acetone,



nH2,0 + nIPA,0·XIPA moles of hydrogen, and



total number of moles nTOT = nIPA,0·(1 + XIPA) + nAc,0 + nH2,0.

The partial pressure of each species (Pi) is finally obtained by multiplying the total pressure PT
by the ratio of ni and nTOT:
Pi  PT

 i   i X IPA
1  X IPA   Ac   H 2

(14)

with θi = ni,0 / nIPA,0 , εIPA = -1 and εAc = εH2 = 1.
2.2.1 Thermodynamic analysis
Combining Eq. 13A and Eq. 14, the logarithm of the equilibrium constant K is plotted in
Figure 3 as a function of 2-propanol conversion for θAc = θH2 = 0 (neither acetone nor hydrogen
is present in the initial mixture), and for a total pressure PTOT = 105 Pa. Using Eq. 13B, the
values of K corresponding to the selected reactor temperatures (305 K and 322 K) can be
calculated, and Fig. 3 can be used to evaluate the conversion at equilibrium for both
temperatures: we obtain 2% and 4% conversion, respectively, in the two reactors. This result is
in accordance with the endothermic nature of the 2-propanol dehydrogenation, with the chemical
conversion (i.e., the percentage of reactants that are converted to products) increasing with
temperature according to the Le Chatelier principle. It also means that if the mixture exiting the
endothermic reactor is at equilibrium composition, the new equilibrium in the exothermic reactor
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(that corresponds to a lower partial pressure of 2-propanol) will be reached by producing more
acetone and hydrogen: the system loop would thus be unsustainable.
One way to achieve a sustainable loop with this reversible reaction is to increase the
chemical conversion of 2-propanol in the endothermic reactor beyond the equilibrium value.
This can be done by removing at least one of the products during the reaction. Indeed, since the
reaction is reversible, a decrease in the concentration of products has the effect of shifting the
equilibrium to decrease the concentration of the reactants. Thus, removing hydrogen during
reaction increases the 2-propanol conversion, and partial pressure of 2-propanol at the exit of the
endothermic reactor is decreased below the equilibrium partial pressure calculated at the
temperature of the exothermic reactor.

Removal of hydrogen can be performed using the

pervaporation process discussed below in Section 3.
2.2.2 Chemical reaction analysis
As with the paraldehyde/acetaldehyde system, reaction rates must be considered along
with equilibrium limitations to size reactor volumes. Rioux and Vannice [23] derived the
following reaction rate for 2-propanol dehydrogenation with copper catalyst as a function of
partial pressures and temperature, for temperatures above 425 K:


1
rIPA

1

1

1

( 1  K IPA PIPA  K H 2 PH 2  K Ac PAc  K'PAc PH 2 )2
1


rAc
k KIPA PIPA

(15)

In this equation, KIPA, KAc and K’ are temperature-dependent equilibrium constants, and k is the
rate constant that also depends on temperature.
With the reaction rate known, and assuming that Eq. 15 is valid in the 300-400 K
temperature range, the required volume for the endothermic plug flow reactor can be determined
according to Eq. 7, where the molar flow rate is that of 2-propanol. Thus the value of the 2propanol flow rate must be as small as possible to yield small volumes: it is fixed at the
15

minimum value that still reaches the desired heat load. Now heat transfer in both reactors is
given by Eq. 10. If we plot the variations of Q with FIPA for different values of 2-propanol
conversion (Figure 4), it appears that a molar flow rate of 0.003 mol/s is sufficient to ensure a 5
W heat load in the endothermic reactor.
Indicators of system performance are the coefficient of performance (COP), the percent
of upgraded heat, and the exergy efficiency.

The COP is calculated from the ratio of

endothermic transport rate to the required work input; the work input, Win, is the work supplied
to transport the reaction products from one reactor to the other:

COP 

Qend
Win

(16)

The second indicator, namely the percent of upgraded heat (denoted %Q), is the ratio of the heat
released, Qexo, from the exothermic reactor to that stored in the endothermic reactor, Qendo. The
percent of upgraded heat is:

%Q 

Qexo
Qend

(17)

Finally, the exergy efficiency is the ratio of the exergy output, Фout, to the exergy input, Фin.
With T0 being the inlet temperature of the reactor, the exergy input is calculated as:


T 
Φin  Qend 1  0   Win
 Tend 

(18)

where the first term is the thermal exergy and the second term the work supplied to transport the
reaction products. The exergy output is calculated from:


T 
Φout  Qexo 1  0 
 Texo 

(19)

The exergy efficiency is then:
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2 

Φout
Φin

(20)

3.

Proposed Reactor Design

3.1

Pervaporation Theory
Equilibrium constraints pose a design challenge for many industrial chemical processes,

notably in organic processes involving hydrogen such as the production of synthesis gas (CO and
H2) or methanol [24, 25].

To improve production yields with pervaporation processes,

membrane reactors have been widely studied through modeling efforts [26, 27]. Similar to
traditional reactors, these novel systems operate in either continuously stirred tank reactor
(CSTR) or plug flow reactor (PFR) modes.
For a membrane-modified PFR, the initial mixture enters the tube side of a concentric
tube assembly while an inert gas (often referred as sweep gas) flows through the shell side. The
tube itself is composed of the selective membrane along with a deposited catalyst to induce the
desired reaction on the interior. For organic processes, membranes are typically palladium-based
materials with known hydrogen permeability. The inert gas in annulus induces a partial pressure
gradient across the membrane that creates the driving force for separation.
The performance of the membrane with respect to extending the reversible reaction to
extend beyond its equilibrium state is dependent on multiple design factors including the ratio of
sweep gas to reactant flow rates, reaction stoichiometry, membrane surface area, membrane
selectivity, residence time, and pressure gradient across the membrane [24-27].

The exit

composition is independent of permeation rate, which is fixed by the membrane thickness. The
appropriate thickness is optimized between requisite strength and volume constraints on the
concentric PFR.

While no viable membrane material was identified for the separation of
17

paraldehyde and acetaldehyde, it is assumed that a suitable membrane exists for the remainder of
this analysis. However, membrane materials with defined and selective hydrogen permeability
are well known and viable for the 2-propanol system.
3.2

Concentric Tube Reactor Concept
While industrial applications and research studies have proven that reactive mixtures can

exceed thermodynamic equilibrium concentrations with pervaporation, the process has been
optimized only for open systems where undesirable products of reaction can be readily removed
from the system. Thus, a concentration gradient can be maintained across the membrane, which
induces further product separation and prolongs the reactant conversion.

As the proposed

chemical heat pump uses a closed-loop design with a fixed total mass, this means of affecting the
equilibrium does not apply. The concentration gradient across the membrane would therefore
eventually converge to zero and the reaction would again be limited by equilibrium being
reached. Instead, a pressure gradient must be induced across the membrane to facilitate mixture
separation. A nozzle-diffuser is proposed for the shell side of the membrane-modified PFR to
generate this pressure gradient as a result of the Venturi effect (Figure 5).
Referring to the paraldehyde system, the inlet mixture to the endothermic reactor enters
both the shell and tube sides, with Amberlyst resin deposited on the tube side of the membrane.
While the inner flow undergoes depolymerization, the outer flow enters the nozzle-diffuser
constriction to convert potential energy to kinetic energy. This creates a pressure drop and thus a
radial concentration gradient across the tube membrane. In effect, the external non-reacting
mixture acts as a sweep gas relative to the internal reacting mixture which remains below
equilibrium to continue depolymerization as needed.

18

4.

Results and Discussion

4.1

Paraldehyde Depolymerization
A thermodynamic and kinetic analysis of the proposed chemical heat pump design is

conducted using a MATLAB [28] code developed under the following assumptions:


Ideal chemical reactions



Isobaric reactors



Perfect membrane selectivity



Negligible friction losses

To satisfy the isobaric condition in both reactors, the mixture must undergo some temperature
change during the reaction process. At constant pressure, production of acetaldehyde generates a
temperature decrease as the endothermic process consumes heat from the surroundings. Thus
flow in the endothermic reactor cools as the reaction progresses while flow in the exothermic
reactor increases in temperature.

This phenomenon is counter-intuitive with respect to

traditional heat exchangers where the hot- and cold-side temperature difference diminishes along
the length of the heat exchanger. Unlike a traditional heat exchanger, convection contributions
in the chemical heat pump are overwhelmed by the reaction heat transfer and are assumed
negligible. In any case, it is recommended that the endothermic reactor be operated colder than
the low temperature reservoir and the exothermic reactor be operated warmer than the high
temperature reservoir to prevent parasitic heat transfer.
The performance of the simulated chemical heat pump is computed according to the flow
chart shown in Figure 6. The temperatures at both reactor inlets (T1 and T3) are determined by a
selected pinch-point temperature difference (the minimum temperature difference between the
reservoir and the fluid in the reactor) of 0.5 K. For the stated reservoir temperatures of 305 K
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and 322 K, the inlet temperatures to the endothermic and exothermic reactors are 304.5 K and
322.5 K, respectively. Since the saturation pressure data for acetaldehyde was not available
above 325 K [21], the outlet temperature of the exothermic reactor is artificially bounded at
324.5 K.
With fixed temperatures, the thermodynamic state points of the chemical heat pump are
then calculated from user-defined heat load in the endothermic reactor (Qend) and the
acetaldehyde mole fraction at the reactor inlet (yA1). Due to the lack of reaction across the
expansion valve, the mole fraction exiting the exothermic reactor (yA4) is equal to this user input.
The pressures associated with the exothermic reactor (P3 and P4) are obtained from Eq. 3. The
remaining mole fractions (yA3 and yA4) are then solved for the reaction extents in the
endothermic (XPa) and exothermic (XA) reactor. The required molar flow rate of paraldehyde at
the reactor inlet (FPa,1) is determined from Eq. 10. A mass balance then yields the molar flow
rate of acetaldehyde at the exothermic reactor inlet. Eq. 10 is again solved for the heat transfer
rate in the exothermic reactor (Qexo). The isentropic work input is obtained as the difference in
heat transfer rates, while the actual work input is calculated using Eq. 11. With the work input
known, the COP and exergy efficiency of the chemical heat pump can be calculated. The
required size of the endothermic reactor is solved by numerical integration of Eq. 7.
This design algorithm was implemented in the user-generated code and applied for
various endothermic heat loads and endothermic inlet mole fractions of acetaldehyde to assess
the performance of the chemical heat pump loop. Table 3 lists the results of this computation for
various inlet mole fractions at the fixed endothermic heat input rate of 5 W. For an acetaldehyde
mole fraction of 0.3, the reactor volume is minimized to 93 cm3 and the exergy efficiency
maximized to 0.132.

The temperature vs. mole fraction and pressure vs. specific volume

diagrams at this mole fraction are plotted in Figsure 7 and 8. Mass balance of the coupled
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reactors prohibited physical solutions below this mole fraction for additional gains. As such, this
entering acetaldehyde is a significant parasitic mass in the endothermic reactor as it displaces
volume from the reacting paraldehyde. Such unwanted mass may be minimized through the
addition of purification lines in parallel to both reactors, such that the exiting reactant is diverted
back to the reactor inlet to lower the mole fraction of entering product, reducing the required
reaction volume. However, this additional complexity may ultimately increase system volume
from additional check valves and secondary pumps to direct the ancillary flow paths. The
simulations also reveal that the endothermic heat load does not affect the state points of the loop,
but only scales the mass flow and energy transfer rate as well as the endothermic reactor volume.
As the required inlet mole fractions of acetaldehyde at the endothermic reactor inlet
already exceed the equilibrium condition, a separation process is necessary prior to catalysis to
promote the depolymerization reaction. To achieve this, a second nozzle-diffuser concentric
tube assembly may be installed upstream of the endothermic reactor (without a deposited
catalyst). The constriction drives separation of the excess acetaldehyde through the membrane
until the mole fraction of acetaldehyde is below the equilibrium value, at which time the forward
reaction can be achieved in the endothermic reactor. An alternative solution is to extend the
length of the endothermic reactor, with catalyst deposited only in the downstream section of the
membrane wall.
As seen from the results in Table 3, increasing the inlet mole fraction of acetaldehyde
reduces the system COP and increases the required endothermic reactor volume (not including
the separation process prior to reaction). In addition, the required minimum efficiency of the
work input is also reduced, expanding the choice of suitable devices that may be selected. Thus
under the stated assumptions, the system COP is related to the work input efficiency according to
the following correlating equation:
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COP  0.289w2  3.091w  0.463

(21)

With this relationship, the performance of the present system is ascertained from the efficiency
of the required work input. While the model predicts large COP values for high-efficiency work
input, it should be reiterated that the Carnot COP for the system is inherently large due to the
small difference between the reservoir temperatures. As a result, the exergy efficiency remains
less than 0.15 even with work input at high-efficiency.
As noted in the literature [12], sub-atmospheric pressures are needed to operate the
chemical heat pump at the specified temperatures (leading to hermetic sealing in a real system).
It was shown above that the defined endothermic heat load does not affect the state points of the
loop but does scale the reactor size. Varying the endothermic heat load from 0.1 to 100 W, the
required reaction volume (with 0.3 mole fraction of acetaldehyde at the inlet) increased from 2 to
2,000 cm3. This volume accounts for the space needed to achieve the desired paraldehyde
conversion, but not the additional volume required to separate excess acetaldehyde from the inlet
mixture or the volume of the Amberlyst resin.
4.2

2-Propanol Dehydrogenation
A similar analysis as that for the paraldehyde/acetaldehyde (Pa/A) chemical heat pump

system above was also conducted for the 2-propanol/acetone/hydrogen (IPA/Ac/H) system. The
same assumptions of ideal chemical reactions, isobaric reactors, perfect membrane selectivity
and negligible friction losses were again made. Temperatures in the endothermic and exothermic
reactors were also fixed as before at 305 K and 322 K, respectively, and the total pressure in both
reactors was fixed at 105 Pa. The heat load Q (i.e., the energy stored in the chemical bonds of the
reaction products) was also fixed at 5 W. With these chosen parameters, the chemical heat pump
operation can be solved entirely for a given chemical conversion XIPA and a selected initial
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composition at the endothermic reactor inlet. For each case, an equimolar initial mixture of
acetone and hydrogen has been considered.
Partial pressures inside the reactor and the remaining unknown composition (endothermic
outlet) are found using Eq. 14 and a mass balance. The required endothermic reactor volume is
then solved by numerical integration of Eq. 7, knowing that the rate of reaction rAc is related to
XIPA by combining Eq. 14 and Eq. 15. As explained in Section 2.1.2, the molar flow rate FIPA is
determined from Eq. 10, for fixed values of Q and XIPA and at a given temperature.
Results are computed for different endothermic heat loads and inlet compositions to
assess the possibility of storing a desired amount of power in chemical bonds at the endothermic
reactor level under strict volume constraints. This power is then released in the exothermic
reactor where the catalyzed reverse reaction occurs. Temperature and mass of the catalyst are
important criteria for the process, but it was found that the parameter that most influences the
system efficiency was the chemical conversion of 2-propanol. Table 4 lists solutions in terms of
molar flow rate, volume, and composition at a constant endothermic heat load equal to 5 W.
Case 1 corresponds to the unsustainable loop, the case where equilibrium at the exothermic
reactor level leads to the production of more acetaldehyde instead of regenerating paraldehyde.
As stated in Section 2.1, limitation of the endothermic reaction to equilibrium conditions
must be overcome to achieve a sustainable loop. However, if the endothermic reaction is
promoted so that the chemical conversion XIPA doubles to 4% from 2% (case 2), the
corresponding reactor size is approximately 8000 cm3, even with a molar flow rate of 0.003
mol/s. For the same temperature and heat load conditions, the Pa/A system required a volume of
about 93 cm3 for the endothermic reactor. The larger volume requirement for the IPA reaction is
attributed to the small values of rAc, calculated from Eq. 15 and plotted in Figure 9 as a function
of 2-propanol chemical conversion.

Indeed, the reversible reaction of 2-propanol
23

dehydrogenation usually takes place within a temperature range higher than 305 K, which means
that rAc is a maximum in the range of 350 K to 360 K and decreases with temperature due to the
endothermic nature of the reaction.
In order to operate at a reasonable reactor size, it is important to increase 2-propanol
conversion far beyond the equilibrium conversion XIPA of 2%. As shown in Table 4, allowing
the temperature of the endothermic reactor to increase to 310 K (instead of 305 K), a 2-propanol
conversion of 65% reduces the reactor size to 60 cm3 for the given heat load and exothermic
reactor temperature (case 3). The required reactor size further reduces to about 48 cm3 for Q = 4
W under the same conditions. To achieve a conversion XIPA that is as high as possible (aside
from a pervaporation approach), a separation process may be used prior to catalysis in order to
promote the dehydrogenation reaction. Indeed, with a larger amount of reactants, the reaction
rate would also increase. Thus, a better conversion is obtained by separating the unreacted
acetone and hydrogen mixture from the 2-propanol that is produced, prior to the endothermic
reactor inlet. It may be noted that the calculated volumes in Table 4 account only for the volume
needed to achieve the desired conversion for a fixed Q, and not the additional volume required to
separate the unreacted reactants from the products: there is a trade-off between increasing
reaction rate through separation in order to decrease the reactor size, and the corresponding
increase in total volume resulting from the introduction of the separation process.
The exergy efficiency associated with the system is related to the coefficient of
performance (combining Eqs. 16 to 20) according to

 T 
COP  1  endo 
Texo 

η2 
T 
COP 
 1  exo 
1
%Q  Tendo 

(22)
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With this relationship, the designer can ascertain the performance of the entire system based on
the COP, which is a function of the work input efficiency. For a COP of 2.38 (corresponding to
case 1 in Table 3), and a %Q of approximately 0.4, we obtain an exergy efficiency of 0.19. This
value is slightly greater than the efficiency obtained with the Pa/A system (equal to 0.132) under
similar conditions. The exergy efficiency as a function of the COP for this system is plotted in
Figure 10 for different values of %Q.
4.3

Comparison with Other Technologies
The main criteria for assessing technologies for electronics thermal management are the

environmental impact of the cooling system, its energy efficiency, required volume, and
complexity of the design. Candidate technologies for comparison with the CHP include heat
pipes [29, 30], vapor compression and sorption cooling systems [5-9], and thermoelectric coolers
[31]. A summary of a qualitative comparison is presented in Table 5. When comparing possible
cooling technologies in this manner, no single system stands out as being ideal on all fronts.
Technologies that use a refrigerant fluid (heat pipes, vapor compression and sorption
cooling systems) that can possibly leak into the atmosphere through seal degradation, repair, or
accident pose environmental and/or health risks that render the use of such technologies less
attractive. Heat pipes can passively and efficiently spread the heat load over a relatively largearea heat sink with the working fluid being transported by capillary forces developed in the
internal wick structure. However, a limiting factor to their operation can be the capillary limit
which is set by the pumping capacity of the wick structure and is a strong function of the
operating orientation. In the case of a thermoelectric cooler, the maximum COP for a ∆T of 20
K varies from 0.3 to 1.1, depending on the semiconductor material that is used. In comparison,
the chemical heat pump system, with a COP of 1.0 to 2.4 and no orientation-dependence, offers a
promising alternative for energy efficiency in electronics cooling.
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However, very little space is allocated to the cooling solution in electronic systems, and
the volume requirement may be the most constraining. Heat pipes and thermoelectric coolers are
inherently compact but their performance can be affected by operating temperatures and power
inputs that are outside design values. Chemical heat pumps not only need extra heat exchangers,
but also large reactor areas for the chemical reactions to take place efficiently; the system would
therefore benefit strongly from research aimed at size reduction. One approach toward size and
weight reduction of a refrigerating loop (including vapor-compression) involves the use of an
ejector [32] instead of a compressor for driving the liquid-vapor mixture from the endothermic to
the exothermic reactor. The need for lubricating oil in the compressor is thereby eliminated.
The ejector also has the advantage that the resulting COP for CHP and vapor-compression
systems would be higher due to a lower work input.
Finally, the systems with the lowest complexity have no moving parts, no working fluid,
and no dynamic seals. The thermoelectric cooler satisfies these requirements and can also be
cost-competitive with other systems; its major drawback is its relatively low COP. Heat pipes
also have low complexity and cost. Use of an ejector instead of a compressor for pumping of the
liquid-vapor mixture would increase complexity of the CHP but also increase the associated
COP, thus making the system more efficient and attractive practically. The components of the
CHP are also inexpensive. The complexity of existing systems may be compared through an
analysis of parts counts and tolerance requirements, but it is difficult to forecast evolving
developments and improvements in the technologies. In terms of cost and energy efficiency
through COP estimation, however, it appears that a CHP holds good potential for
environmentally friendly application in electronics cooling, assuming reasonable volume
constraints.
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5.

Conclusions
A detailed thermodynamic and kinetic study of paraldehyde depolymerization and 2-

propanol dehydrogenation is performed to assess the suitability of a reaction-based chemical heat
pump to thermal management applications in consumer electronics. With both reaction systems,
the limits set by thermodynamic equilibrium must be overcome for a sustainable heat pump
operation. A novel concentric membrane tube plug flow reactor is proposed to address this need,
including a nozzle-diffuser constriction on the shell side to generate pervaporation in a closed
system.
For the paraldehyde reaction, an inlet flow mixture of 0.3 mole fraction acetaldehyde
minimizes the endothermic reactor volume to 93 cm3 and maximizes the exergy efficiency to
0.132. The versatility of the present model can be improved through an experimental study
which includes characterization of acetaldehyde polymerization to enable accurate sizing of the
exothermic reactor, determination of acetaldehyde saturation pressures at higher temperatures to
remove the artificial temperature boundary at the exothermic reactor outlet, and determination of
activity coefficients associated with the reactions to increase accuracy in the calculation of
equilibrium mole fractions.
Regarding the 2-propanol system, pervaporation combined with a separation process can
lead to a conversion large enough to store the 5 W heat load with a reduced endothermic reactor
volume of 60 cubic centimeters, depending on the membrane efficiency. A kinetic analysis
combined with a modeling of the pervaporation process must be performed to assess the practical
feasibility of the system. Given the endothermic reactor size reported, cooling of larger scale
systems such as data centers may be a more viable application due to the relaxed volume
constraints. Data centers may carry different temperature reservoirs than portable electronic
systems, however, and some adjustment in cycle performance would be expected.
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The chemical heat pump has advantages including low cost, overall efficiency and lack of
moving parts.

However, its volume requirements pose a distinct drawback that must be

overcome for practical use in electronics cooling. Indeed, in both the chemical reaction systems
considered in this work, low exergy efficiencies resulted from the minimization of endothermic
reactor volume. As such, chemical heat pump cooling may ultimately be more appropriate in
applications with less stringent volume constraints such as data centers. This relaxation includes
lower energy transport rates to reduce the amount of reaction required, larger temperature ranges
to achieve faster reaction rates, and greater allowable volumes to better accommodate necessary
reaction and product separation volumes.
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Tables
Table 1. Thermodynamic properties of paraldehyde and acetaldehyde.
Property
hfg
s
hv

Units
kJ/mol
kJ/mol-K
kJ/mol

Paraldehyde
-687.99
0.234
44.23

Acetaldehyde
-192.57
0.181
26.37

Table 2. Thermodynamic properties for 2-propanol dehydrogenation.
Property
hfg
s
hv

Units
kJ/mol
kJ/mol-K
kJ/mol

IPA
-272.70
0.31
44

Ac
-217.10
0.295
32

H
0
0.13
0.9

Table 3. Solutions to chemical heat pump model with endothermic heat load of 5 W for Pa/A
system.
Parameter
yA1
yA2
XPa
XA
Pend
Pexo
COP
η2
mass rate
ηw
Vend

Units
kPa
kPa
g/s
cm³

Case 1
0.30
0.332
0.0135
0.0395
69.8
134
2.38
0.132
0.295
0.851
93.0

Case 2
0.32
0.353
0.0144
0.0420
72.1
139
1.79
0.100
0.280
0.685
111
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Case 3
0.34
0.375
0.0153
0.0446
74.5
144
1.42
0.079
0.267
0.579
132

Case 4
0.36
0.396
0.0163
0.0474
76.9
148
1.17
0.065
0.254
0.504
156

Case 5
0.38
0.418
0.0173
0.0502
79.3
153
0.98
0.055
0.243
0.449
184

Table 4. Solutions to chemical heat pump model with endothermic heat load of 5 W for the
IPA/Ac/H system.
Parameter
Tendo
FIPA
θIPA,1
θIPA,2
θAc,1 = θH2,1
θAc,2 = θH2,2
XIPA
XAc
V

Units
K
mol/s
cm³

Case 1
305
0.003
1
0.98
0.02
0.06
0.02
0.04
-

Case 2
305
0.003
0.04
0.05
8000

Case 3
310
0.0005
0.97
0.34
0.03
0.66
0.65
0.95
60

Table 5. Comparison of different cooling technologies.
Technology
Heat pipe
Vapor compression
Sorption
Thermoelectric
CHP

Environmental/
health impact
High
High
High
Low
Low

Energy
efficiency
Medium to High
Medium
Medium
Low
High
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Volume
constraint
Low
Medium
Medium
Medium
High

Complexity and
cost
Low
Medium
Medium
Low
Low to Medium

Figure Captions
Figure 1

Idealized chemical heat pump cycle.

Figure 2

Equilibrium reactor pressure as a function of acetaldehyde mole fraction.

Figure 3

Equilibrium constant as a function of 2-propanol conversion.

Figure 4

Heat load vs. 2-propanol molar flow rate for different conversion values.

Figure 5

Concept of a pervaporation plug flow reactor for a chemical heat pump with
membrane tube (reaction catalyst deposited on tube interior) and nozzle-diffuser
constriction.

Figure 6

Paraldehyde chemical heat pump solution flow chart.

Figure 7

Temperature vs. mole fraction plot with 0.3 mole fraction of acetaldehyde at the
endothermic reactor inlet.

Figure 8

Pressure vs. specific volume with 0.3 mole fraction of acetaldehyde at the
endothermic reactor inlet.

Figure 9

Rate of reaction as a function of 2-propanol conversion.

Figure 10

Exergy efficiency as a function of COP for different amounts of upgraded heat.
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Figure 1: Idealized chemical heat pump cycle.
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Figure 2: Equilibrium reactor pressure as a function of acetaldehyde mole fraction.
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Figure 3: Equilibrium constant as a function of 2-propanol conversion.
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Figure 4: Heat load vs. 2-propanol molar flow rate for different conversion values.
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Figure 5: Concept of a pervaporation plug flow reactor for a chemical heat pump with membrane
tube (reaction catalyst deposited on tube interior) and nozzle-diffuser constriction.
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Figure 6: Paraldehyde chemical heat pump solution flow chart.
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Figure 7: Temperature vs. mole fraction plot with 0.3 mole fraction of acetaldehyde at the
endothermic reactor inlet.
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Figure 8: Pressure vs. specific volume with 0.3 mole fraction of acetaldehyde at the endothermic
reactor inlet.
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Figure 9: Rate of reaction as a function of 2-propanol conversion.

43

Figure 10: Exergy efficiency as a function of COP for different amounts of upgraded heat.
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